Temporally-shaped electron bunches at ultrafast time scales are foreseen to support an array of applications including the development of small-footprint accelerator-based coherent light sources or as probes for, e.g., ultrafast electron-diffraction. We demonstrate a method where a transverselysegmented electron bunch produced via photoemission from a transversely-patterned laser distribution is transformed into an electron bunch with modulated temporal distribution. In essence, the presented transformation enables the mapping of the transverse laser distribution on a photocathode surface to the temporal coordinate and provides a proof-of-principle experiment of the method proposed in Reference [W. S. Graves, et al. Phys. Rev. Lett. 108, 263904 (2012)] as a path toward the realization of compact coherent X-ray sources, albeit at a larger timescale. The presented experiment is validated against numerical simulations and the versatility of the concept, e.g. to tune the current-distribution parameters, is showcased. Although our work focuses on the generation of electron bunches arranged as a temporal comb it is applicable to other temporal shapes.
Temporally-shaped electron bunches at ultrafast time scales are foreseen to support an array of applications including the development of small-footprint accelerator-based coherent light sources or as probes for, e.g., ultrafast electron-diffraction. We demonstrate a method where a transverselysegmented electron bunch produced via photoemission from a transversely-patterned laser distribution is transformed into an electron bunch with modulated temporal distribution. In essence, the presented transformation enables the mapping of the transverse laser distribution on a photocathode surface to the temporal coordinate and provides a proof-of-principle experiment of the method proposed in Reference [W. S. Graves, et al. Phys. Rev. Lett. 108, 263904 (2012)] as a path toward the realization of compact coherent X-ray sources, albeit at a larger timescale. The presented experiment is validated against numerical simulations and the versatility of the concept, e.g. to tune the current-distribution parameters, is showcased. Although our work focuses on the generation of electron bunches arranged as a temporal comb it is applicable to other temporal shapes. Spatio-temporal control of bright electron beams has a wide array of applications including compact-footprint accelerator-based light sources [1] , ultra-fast electron probe setups [2] , and the possible development of efficient high-energy accelerator based on beam-driven wakefieldacceleration techniques [3] . One recurrent class of distribution that could benefit most of these applications is the case of a bunch train where the beam is organized as "microbunches" in time with a characteristic duration below ∼ 1 ps. Owing to the fast time scale involved, this type of distribution is challenging to compactly achieve in conventional accelerator beamlines where the three degrees of freedom are decoupled. The last decade has witnessed the development of accelerator beamlines where the phase-space coordinates associated with different degrees of freedom can be exchanged [4] [5] [6] [7] .
The present work combines one type of such a beamline with a photoemission source to control the temporal distribution of the photoemitted electron beam using an optical transverse-shaping technique to adequately alter the emission-triggering laser distribution on the photocathode surface. The considered space-to-time mapping beamline is a transverse-to-longitudinal phase space exchanger (TLEX) [8] . The principle of the TLEX can be best understood by considering the phase space coordinate (x, p x , y, p y , ζ, p z ) where (x, y, ζ) is the electron position with respect to a reference point (henceforth taken to be the electron bunch barycenter) and (p x , p y , p z ) is the corresponding momentum. In our convention, the beam propagates along the z direction so that p z p x , p y . In addition, we define the relative longitudinal coordinate ζ ≡ z − z where . stands for the statistical averaging over the bunch distribution. Here we note, under the above assumptions, that ζ ct for a relativistic beam where c is the velocity of light and t the time coordinate. Therefore the longitudinal coordinate ζ is often referred to as temporal direction.
A common TLEX setup consists of a transversedeflecting cavity (TDC) operating on the TM 110 mode flanked by two identical "dogleg" beamline each composed of two dipole magnets with the same deflecting angle but with reversed polarities. Under a simple linear model of the TLEX beamline and treating the horizontally-deflecting TDC as a thin lens, the coordinate of an electron in the four-dimensional phase space (using angle instead of momentum) downstream of the TLEX is u u u = Ru u u 0 , whereũ u u ≡ (x, x ≡ p x /p z , ζ, δ ≡ p z / p z − 1), with. referring to the transpose operator, u u u 0 is the corresponding vector upstream of the TLEX, and the 4 × 4 R transfer matrix [6] is given by
The parameters η ≡ are respectively the horizontal and longitudinal dispersion functions generated by one dogleg and L the resulting path length. It should be noted that the TLEX phase-space exchange occurs within the (x, x , ζ, δ) phase space so that the (y, y ) vertical phase space remains uncoupled and is therefore ignored in our treatment. Owing to the block-anti-diagonal nature of the transfer matrix R, the initial horizontal phase-space (x, x ) coordinates are mapped to the longitudinal phase space (ζ, δ) and vice arXiv:1907.02089v1 [physics.acc-ph] 3 Jul 2019 versa. It was suggested [7] and experimentally shown that such a feature could be taken advantage of to tailor the longitudinal (current) distribution of an electron beam [10] [11] [12] .
In most of the previous work, the current distribution is experimentally controlled by locating an interceptive mask upstream of the TLEX. In the present work, a simple transverse laser-shaping technique controls the transverse phase-space distribution upstream of the TLEX which is then mapped to the longitudinal phase-space distribution downstream of the TLEX. We especially demonstrate the transfer of the projected transverse laser distribution along one of the transverse directions at the photocathode surface to the current distribution of the electron bunch downstream of the TLEX. We specifically explore the formation of a modulated current profile obtained from a shaped laser distribution consisting of an array of transversely-separated beamlets generated via shaping of the laser using a micro-lens array (MLA) system; see Ref [13, 14] . It should, however, be stressed that the developed technique is general and could in principle be adapted to tailor arbitrary current distributions using more elaborate laser-shaping methods using, e.g., a digital micro-mirror device [15] .
The experiment was performed at the Argonne Wakefield Accelerator (AWA) facility [16] diagrammed in Fig. 1(a) . In brief, the AWA accelerator consists of a radio-frequency (RF) photoemission source consisting of a 1+1/2-cell 1.3-GHz standing-wave (SW) resonant cavity (dubbed "RF gun") operating on the TM 010,π mode. The RF gun is surrounded by three solenoidal lenses (L1, 0.28. The TLEX beamline is followed by a vertically deflecting cavity (TDC2) which, combined with a downstream cesium-doped Yttrium aluminum garnet (YAG) scintillating screen (YAG3) provides a direct measurement of the final current distribution [17] . The accelerator beamline also includes YAG screens upstream (YAG1) and downstream (YAG2) of the TLEX; see Fig 1(a) .
The MLA system used to tailor of the laser distribution consists of a pair of 10 × 10-mm 2 square array consisting of spherical microlenses with effective focal lengths of 5.1 mm and pitch of 300 µm along both directions. The MLAs were installed on a rotatable mount to remotely control the array orientation such to (i) pre-compensate for the rotation arising from the Larmor precession as the beam propagates through the RF-gun solenoidal lenses and (ii) to dynamically control the electron beam's longitudinal modulation downstream of the TLEX by varying the rotation angle of the pattern upstream of the TLEX.
A typical transverse pattern generated by the MLA appears in Fig. 1(a) and is used as input for the numerical simulations of the process. All the supporting numerical simulations presented in this Letter are performed with the beam-dynamics program impact-t [18] which represents the electron bunch as a collection of 200,000 macroparticles (each representing ∼ 10, 000 electrons) and tracks the corresponding distribution in an user-specified accelerator beamline described by tabulated electromagnetic field maps. The impact-t software also models space-charge effects using a particle-incell algorithm to solve Poisson's equation in the beam's rest frame before computing the resulting electromagnetic fields in the laboratory frame and applying the corresponding Lorentz force on each macroparticle. Figures 1(b-d) and (e-g) respectively displays snapshots of the simulated horizontal and longitudinal phase-space evolution along the AWA beamlines for an optimized set of beam parameters. The simulation demonstrates the process wherein the modulated transverse phase-space [ Fig. 1(c) ] is exchanged with the smooth longitudinal phase space [ Fig. 1(f) ] to yield a temporally-modulated current distribution [ Fig. 1(g) ]. . The MLA optical system was configured to produce a laser distribution consisting of a transverse array of beamlets with a pitch of d = 2.5 ± 0.2 mm. The initial UV laser distribution recorded on the "virtual" photocathode − a one-to-one optical image of the photocathode surface − appears in Fig. 2(a) . The laser intensity was tuned to maintain the total bunch charge to Q = 250 ± 50 pC throughout the experiment. The transverse electron-bunch distribution recorded at YAG3, upstream of the TLEX beamline, confirms that with proper solenoidal-lens settings the multibeam pattern can be imaged in the (x, y) plane [13] ; see Fig. 2(b) . It should be noted that the imaged pattern is generally rotated as the beam reaches the location of YAG1 (z YAG1 ) by the Larmor angle ϑ L = zYAG1 0 eB(z) 2cγ(z)β(z) dz acquired as the bunch experiences the axial magnetic field produced by the solenoidal lenses surrounding the RF gun (here γ the Lorentz factor and β ≡ 1 − 1/γ 2 ). For the solenoidal lens settings used in the experiment ϑ L 60
• . Consequently, the pattern laser distribution is rotated by an angle −ϑ L [compared to what displayed in Fig. 2(a) for clarity] in order to obtained an non-rotated distribution at YAG1 [ Fig. 2(b) ].
In order to properly match the multi-beam array parameters so to provide a longitudinally-modulated electron beam downstream of the TLEX, four quadrupole magnets (Q1-4; see Fig. 1 ) were available upstream of the TLEX [9] . Nominally, an imaging was obtained when powering only Q1 and Q4 with respective magnetic-field gradient of B 1 0.7 T/m and B 4 −0.7 T/m [where the gradient is defined as B ≡ ∂Bx ∂y = ∂By ∂x with B i (i = x, y) being the transverse magnetic field components]. Under these settings, the temporal bunch distribution downstream of the TLEX consists of five microbunches displayed in Fig. 2(c) and in qualitative agreement with the simulated final longitudinal-phase-space distribution; see Fig. 2(d) thereby confirming that the beamline realizes an imaging of one of projections associated with the laser transverse distribution on the longitudinal (temporal) coordinate. Such a capability is of prime importance compared to setups previously investigated, e.g. in Ref. [10, 12] , as it does not require any interceptive mask and is thereby compatible with, e.g., high-duty-cycle accelerators contemplated as next generation acceleratorbased light sources. In addition, given that the shaping does not have any beam-intercepting hardware, the final distribution can, in principle, be dynamically controlled by varying the accelerator magnets, or altering the laser distribution at fast time scales [O(kHz)].
We first demonstrate the dynamical control of the final longitudinal bunch distribution using the quadrupole magnet Q1 to tune the final longitudinal spacing. To avoid some aberrations associated with our non-ideal setup, the MLA was rotated so that the symmetry axes of the electron-bunch array are aligned along the accelerator's horizontal and vertical directions [as displayed in Fig. 2(b) ] and we selected only the central row of 5 beamlets [delineated by a box in Fig. 2(b) ]. Figure 3(a) shows the evolution of the initial horizontal (∆x 0 ) [resp. final longitudinal (∆ζ)] pitch associated with the transversely [resp. longitudinally] segmented beam upstream [resp. downstream] of the TLEX. It is especially found that the transverse-to-longitudinal pitch ratio ≡ ∆ζ ∆x0 = 0.34 ± 0.03 remains approximately constant as Q1 is varied. The impact-t numerical simulations [also shown in Fig. 3(d) ] are in qualitative agreement with the experiment but the ratio is found to be a function of ∆B 1 the change in field gradient compared to its nominal value B 1 . Such a discrepancy is attributed to an experimental uncertainty of the incoming beam-distribution parameters upstream of the quadrupole magnets. The evolution of the measured horizontal and longitudinal density distributions as a function of magnet Q1 setting respectively appears in Fig. 3(b,c) while the corresponding simulations appear in Fig. 3(e,f) . The latter figures also demonstrate the beamlet temporal distribution downstream of the TLEX can be continuously tuned by using the quadrupole magnet to control the final LPS correlations. The beamlets temporally coalesce for ∆B 1 −0.05 T/m corresponding to an upright longitudinal phase space (i.e. the beamlets are separated in energy only). For ∆B 1 0.25 T/m, the longitudinal spacing matches the initial transverse spacing at the cathode surface (of 2.5 mm) thereby realizing a one-to-one mapping one of the laser-distribution principal axis in the longitudinal (time) axis downstream of the TLEX beamline. Such an ability to continuously control the temporal distribution at the sub-ps scale is an appealing feature for, e.g., the generation of tunable THz radiation source, or the selective (resonant) excitation of electromagnetic wakefields in beam-driven acceleration techniques.
An alternative method to control the beamlet separation consists in varying the laser-pattern angle at the photocathode surface. Such an approach also allows for the beamlets separation smaller than the array pitch [19] The MLA setup was configured for multi-beam generation and placed on a rotatable mount. A rotation of the MLA yields in rotation of the laser pattern on the photocathode surface. For the case of a square arrangement, the horizontal projection associated with the pattern distributions is altered as the rotation angle is scan within θ ∈ [0, 90
• ]; see measured evolution of the horizontal projection densities in Fig. 4(a) . The latter figure also indicates that a smaller spatial period can be attained at selected rotation angles.
We illustrate such a feature by comparing the distribution produced at the rotation angles θ = 0, 30, and 45
• with associated transverse distributions presented in Figure 4(b,e,h ) . The resulting current distributions after transport through the TLEX beamline appear in Figure 4(c,f,g ). For the nominal case of an upright pattern, the bunch separation is ∆ζ 1.7 mm while features with spatial scale below 500 µm are observed on the current profile for the case θ = 30
• . Likewise, Fig. 4(d,g,j) gives the bunch form factor b(f ) ≡ | 
False color image of the horizontal beam distribution as a function of the MLA rotation angle at YAG1 (a). Measured peak-normalized beam transverse distribution (b,e,h) at YAG1 (false-color image) with superimposed horizontal projection (shaded-area traces), corresponding current distributions measured at YAG2 (c,f,i) with associated bunch form factors (d,g,j) . The upper, middle, and lower rows respectively correspond to pattern-rotation angles on YAG 1 of θ = 0, 30, and 45
• .
observable features are limited by the resolution of our longitudinal diagnostics (∆ ζ ∼ 200 µm) which therefore give an upper limit f < 1.5 THz on the spectrum (this upper frequency would ultimately be controlled by the attainable single-beamlet duration). Additionally, the formation of smaller, e.g. sub-optical-scale, structures is ultimately limited by optical aberrations in the TLEX beamline [20] . It should however be pointed out that the spectral content achieved in the presented simple proofof-principle experiment could be of interest, with minor improvements, to produce prebunched beams necessary for the generation of tunable coherent THz undulator radiation such as foreseen in pump-probe experiments planned at X-ray user facilities [21] . The method could also serve as an alternative to a recently proposed submm density-modulation scheme based on the interaction of the electron bunch with a laser [22] . Finally, it should be pointed out that the two methods explored for controlling the final current distribution (quadrupole magnet and rotation of the initial laser pattern) could be combined to provide a greater flexibility [19] .
In Summary, we demonstrated space-to-time imaging of one of the projections associated with a photoemission laser distribution impinging on a photocathode to the longitudinal (temporal) distribution of an electron beam. One promising application of the technique is the possible generation of narrowband electromagnetic radiation enhanced at the wavelength λ n ∼ ∆ζ/n (where n is an integer). Reaching ultrashort wavelength (high harmonic number n) will require the use of smaller laser pattern or nano-engineered cathodes capable of producing transversely-segmented beams [1, 23, 24] . In addition, attaining these finer-scale modulations will also require a thorough control of optical aberrations along the accelerator and in particular within the TLEX beamline [20] . The presented technique was shown to be versatile and allow for dynamical control of the final longitudinal bunch distribution. Although our proof-of-principle experiment focuses on the generation of an electron-bunch comb, any longitudinal distribution can in principle be realized owing to recent advances in laser-shaping techniques.
